Abstract The effects of adhesion and of biofilm development on the efficiency of cleaning and disinfection procedures were investigated on three strains belonging to the E. coli, C. freundii and K. pneumoniae species, which were able to raise more or less complex biofilms. Resistance to a rinsing procedure was strain dependent but not related to the biofilm structure: E. coli was poorly adherent although embedded in an organic matrix. Conversely, a similar increase in the heat-and disinfectant-resistance was observed, regardless of the complexity of the biofilm (more or less significant organic matrix). These results suggested the essential role of the bacterial physiological state in resistance to sanitation procedures.
Introduction
Attachment of micro-organisms onto surfaces of food equipment may lead to subsequent development of biofilms. These attached cells have been shown to sometimes resist cleaning procedures consistent with good manufacturing practices (Wirtanen et al., 1996 , Faille et al., 2001 . Moreover, adherent cells have been demonstrated to exhibit higher resistance to adverse environmental conditions (Costerton, 1995) such as disinfection procedures involving high temperatures (Dhir and Dodd, 1995) or disinfectants (Jass and LappinScott, 1994) . Biofilms may therefore represent a potential source of cross-contamination of foods, sometimes inducing food spoilage and/or human diseases (Holah and Thorpe, 1990) . Over recent decades, the enhanced resistance of biofilms has often been suggested to be related to the diffusion limitation of biocides in the polymeric matrix (Huang et al., 1995) , but the lack of major diffusion limitation by the intercellular matrix has been evidenced (Dunne et al., 1993) . Some other authors have then suggested the preponderant role of phenotypic cellular changes following adhesion and/or biofilm development (Fletcher, 1994; Costerton, 1995) .
The objective of this study was to investigate the role of adhesion and embedding in organic matrix, in the resistance of adherent cells to sanitation procedures. transfer was achieved in 100 ml of the same medium and cells were incubated for 16 h at 37°C under shaking.
Adhesion experiments were performed on stainless steel AISI 304 L with a bright annealed finish, widely used in food processing equipment, in the form of 45 × 15 mm 2 coupons. Before each experiment, coupons were subjected to the following cleaning and disinfection protocol: i) 15 min cleaning in RBS35 (Traitements Chimiques de Surface, Frelinghien, France) 2% at 50°C, ii) 5 min rinse with softened water, iii) 15 min disinfection in Deptil'Ox (Hypred, France) 1% at room temperature, iv) 5 min rinse in softened water.
Cell adhesion
Cells were harvested by centrifugation at room temperature and washed twice with sterile pancreatic digest of casein (1 g l -1 ) supplemented with 8.5 g l -1 NaCl and adjusted to pH 7.2 [Tryptone-NaCl]. Washed cells were suspended in the same medium at a final optical density of 0.900 ± 0.050, measured at 630 nm and further diluted 1/10 in whole milk. This suspension has been shown to contain around 10 8 cells ml -1 , regardless of the bacterial strain.
Adhesion experiments were carried out in a test rig ( Figure 1A ) consisting of a Millipore peristaltic pump, a surge tank to limit pulse flow rate variations, a vessel containing the cell suspensions or the sterile milk, and the test pipes. Coupons were placed in test pipes of rectangular section ( Figure 1B ), which were inserted into the test rig. They were fouled for 3 h with contaminated milk at 120 l h -1 , rinsed with 4 l Tryptone-NaCl (40 l h -1 ), further incubated for 21 h with sterile milk at 120 l h -1 and rinsed again. The rig was then dismantled, and the coupons were subjected to ultrasonication for 3 min in 10 ml Tryptone-NaCl (Ultrasonic bath, 40 kHz Deltasonic, Meaux, France).
The detached cultivable cells were enumerated on Trypcase Soy Agar (Biomérieux, France) supplemented with 6 g l -1 yeast extract (Biokar Diagnostics, Beauvais, France) [TSA-YE] after 48 h at 30°C. In order to check the efficiency of the detachment step, sonicated coupons were subjected to the following protocol. Coupons were submitted to an additional 3 min ultrasonication step and the number of detached cells was evaluated. Coupons were then moulted in TSA-YE supplemented with tetrazolium chloride (TTC), reduced in formazan (red and non-soluble) in growing cells. Subsequent colonies are coloured red and easy to count on stainless steel surfaces. Regardless of the strain, over 95% adherent cells were shown to be detached after the first 3 min ultrasonication step.
Observations by epifluorescence microscopy were performed on adherent cells stained with acridine orange. Coupon surfaces were covered with 200 µl acridine orange 0.01% for 15 min at room temperature, then rinsed in softened water. Microscopic inspection of the stained coupons was performed with an Olympus BH2 microscope. In order to carry out observations by scanning electron microscopy (SEM), attached cells were subjected to the following procedure: after a 2 h incubation step in aqueous glutaraldehyde 1% followed by an overnight incubation step in osmium tetraoxide 2%, cells were dehydrated in an ethanol series. Cells were then subjected to critical point drying and coated with gold-palladium for 1.5 min and viewed on a JSM-35CF SEM.
Cell resistance to a rinsing procedure
To determine the adhesion strength of the three strains, soiled coupons were submitted to a mild rinsing step (5 min rinse with softened water at 160 l h -1 ) and the remaining adherent cells were enumerated as described above.
Cell resistance to heat and disinfectant
Heat treatment experiments were first performed on cells suspended in enriched milk (10 8 cells ml -1 ), in 110 × 10 mm tubes (TDT tubes, Sorval, France) as previously described (Faille et al., 1997) . Disinfection experiments were performed using the oxidant disinfectant Ikalin (Indal, Epinay sur Seine, France), mainly composed of peracetic acid and hydrogen peroxide. Cells suspended in Tryptone-NaCl were treated with Ikalin 0.05, 0.1, 0.2 and 0.5%. After 5 min incubation at room temperature, catalase was added to the final concentration of 25 µg ml -1 (concentration sufficient to inhibit Ikalin inactivating activity) and the number of surviving cells was enumerated on TSA-YE.
To determine the heat resistance of attached bacteria, soiled stainless steel coupons were vertically immersed in whole milk at 55°C (treated coupons) or at room temperature (control coupons). After a 20 min incubation, the tubes were rapidly cooled in chilled water, submitted to a 3 min sonication step and the detached viable cells were enumerated on TSA-YE.
The adherent cell resistance to Ikalin was assessed by immersing the soiled coupons for 5 min in 10 ml Ikalin at different concentrations, the control coupons being immersed in water for the same period. The treated coupons were then immersed in tubes containing 10 ml catalase 25 µg ml -1 . After 10 min incubation, tubes were subjected to 3 min sonication and the detached viable cells were enumerated on TSA-YE. All the experiments were performed in duplicate.
Results and discussion
Resistance of suspended cells to heat and disinfectant (Ikalin) The three strains were first tested for their resistance to heat (Table 1 ) and oxidant disinfectant (Figure 2 ). Similar heat resistances were found for C. freundii and K. pneumoniae suspended in milk with D 60 -values of around 1.5 min. Conversely, E. coli was shown to be highly heat-resistant: at 55°C, almost no inactivation could be detected, and a few viable cells were still enumerated even after 30 min at 65°C (D 65 = 5.4 min). Ababouch et al. (1995) .
Conversely, as shown in Figure 2A , K. pneumoniae was significantly the most resistant strain to Ikalin, with only a 3.40 log unit decrease in the number of viable cells when treated by Ikalin 0.1%, as compared to a decrease close to 4.50 log units obtained for the two other strains.
Cell adhesion
Adhesion to stainless steel was strain-dependent (Table 2 ). E. coli was poorly adherent with only 1.7 × 10 3 cells per cm 2 after a 3 h-adhesion, C. freundii being the most adherent with over 10 6 adherent cells per cm 2 . The number of adherent cells quickly increased over a 1-day incubation with fresh milk except for C. freundii. At this time, E coli remained the least adherent strain, while close numbers of adherent cells were found for C. freundii and K. pneumoniae (over 2.5 × 10 6 cells per cm 2 ). Jones and Bradshaw (1996) also found that K. pneumoniae was able to colonise a polymer surface much more quickly than E. coli. Nevertheless, differences among strains decreased due to a strong capacity of K. pneumoniae and mainly of E. coli to colonise surfaces as compared to C. freundii.
Furthermore, by epifluorescence microscopy, green diffused areas surrounding E. coli and K. pneumoniae cells were most often observed (Figure 3) . Conversely, many C. freundii adherent cells seemed to be devoid of this surrounding organic material. By SEM (Figure 4) , cells from these green areas appeared to be embedded in a matrix possibly composed of milk residues and of secreted polymers. On another side, it is noticeable that most of the cells, even after a 1-day incubation appeared clearly red, suggesting a physiological state consistent with cell viability. The efficiency of a mild rinsing procedure was also shown to depend on the strain in use (Table 2 ). Over 99% of the E. coli adherent cells were detached during this step, while the other strains appeared to be strongly attached with almost no detachment observed. This resistance to detachment was not correlated to the quantity of organic material, the loosely attached E. coli cells being also surrounded by a great quantity of polymeric matrix ( Figure  4) . Similarly, the number of adherent E. coli cells was also quite low as compared to the other strains, suggesting the same mechanisms of adhesion and detachment (surface physico-chemical properties, flagella, etc.).
Resistance of adherent cells to heat and disinfectant (Ikalin)
Heat resistance experiments were performed with cells suspended in whole milk ( Figure  2B ). As observed with enriched milk, E. coli suspended in whole milk exhibited a higher resistance than the other strains. On the other hand, the heat resistance of the three strains was much higher when suspended in enriched milk than in whole milk, confirming the preponderant role of the suspending medium composition on the bacteria heat resistance. However, regardless of the strain, similar profiles were obtained, the efficiency of the heat treatment being lowered when cells were adherent, but mainly when cells were in biofilm. Despite the great difference in the biofilm structures of the three strains, as evidenced in C. Faille et al.
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C. freundii E. coli K. pneumoniae Figure 3 Observation by epifluorescence microscopy of one-day biofilms stained with acridine orange Figure 4 Observation by scanning electron microscopy of E. coli one-day biofilms Figure 3 and Table 2 , similar decreases in heat resistance were observed with the three strains. Similar results were obtained when cells were analysed for their resistance to Ikalin: a similar increase in the resistance to disinfectant was observed following a 3 h-adhesion step, regardless of the strain. As a consequence, K. pneumoniae was the most sensitive strain, under the experimental conditions tested.
Such an increase in the adherent cell resistance to various environmental stresses has been previously reported in the literature (Costerton, 1995) . Only few inconsistent results have been presented, perhaps due to the physiological state of the cells tested. For example, Das et al. (1998) failed to demonstrate any change in E. coli susceptibility to peracetic acid, following biofilm formation. Reasons for such enhanced resistance of adherent cells has been extensively discussed in the literature (Brown and Gilbert, 1993; Costerton, 1995) . The significant decreases in susceptibility: i) to heat and disinfectant of the three strains after a single 3 h-adhesion, and ii) to the temperature of the three biofilms, suggest the stronger influence of phenotypic characteristics of adherent cells and biofilms, previously suspected of playing a major role (Fletcher, 1994; Costerton, 1995; Perrot et al., 2000) , rather than the influence of biofilm structure.
Conclusions
The structure of adherent soils (number of adherent cells, amount of organic matrix) was not shown to significantly influence the resistance to sanitation procedures. It could be hypothesised that the strain dependent resistance to a rinsing procedure may to be related to the surface properties of the adherent cells. Conversely, the changes in susceptibility to heat and disinfectant following adhesion or biofilm development was not strain dependent and might be related to a common phenotypic feature induced by the adhesion phenomenon.
